Plants deploy a finely tuned balance between growth and defence responses for better fitness. Crosstalk between defence signalling hormones such as salicylic acid (SA) and jasmonates (JAs) as well as growth regulators plays a significant role in mediating the trade-off between growth and defence in plants. Here, we specifically discuss how the mutual antagonism between the signalling of auxin and SA impacts on plant growth and defence. Furthermore, the synergism between auxin and JA benefits a class of plant pathogens. JA signalling also poses growth cuts through auxin. We discuss how the effect of cytokinins (CKs) is multifaceted and is effective against a broad range of pathogens in mediating immunity. The synergism between CKs and SA promotes defence against biotrophs. Reciprocally, SA inhibits CK-mediated growth responses. Recent reports show that CKs promote JA responses; however, in a feedback loop, JA suppresses CK responses. We also highlight crosstalk between auxin and CKs and discuss their antagonistic effects on plant immunity. Efforts to minimize the negative effects of auxin on immunity and a reduction in SA-and JA-mediated growth losses should lead to better sustainable plant protection strategies.
Introduction
Plants cannot fight or flee to cope with an adverse situation. At the same time, they acquire nutrients from the soil, harvest light, and efficiently integrate external and internal cues into finely tuned growth programmes to optimally satisfy their needs (Herms and Mattson, 1992; Vert and Chory, 2011; Ciolfi et al., 2013; Hersch et al., 2014) . They are directly exposed to biotic and abiotic environments and interact with a plethora of pests and pathogens as well as helpful mutualists and symbionts (Berendsen et al., 2012; Lebeis et al., 2012; Wigge, 2013) , and they must mount appropriate responses in reaction to the interacting biota (Meldau et al., 2012; Zamioudis and Pieterse, 2012; Pel and Pieterse, 2013) . In the case of a pathogen attack, plants activate energetically costly defence responses that limit the supply of important nutrients and therefore temporarily reduce investments in predetermined growth programmes (Belkhadir et al., 2014; Huot et al., 2014; Lozano-Durán and Zipfel, 2015) . There are many mechanisms that regulate growth-defence conflicts in plants; however, the exact molecular understanding has not been fully explored. Complex networks regulated by plant hormones such as jasmonate (JA), salicylic acid (SA), gibberellin (GA), brassinosteroids (BR), auxin and cytokinins (CKs) mediate trade-offs between growth and defence (Kazan and Manners, 2009; Chen and Chory, 2011; Pieterse et al., 2012; Yang et al., 2012; Denancé et al., 2013; Huot et al., 2014; Lozano-Durán and Zipfel, 2015) . We focus here on recent findings that describe how auxin and CKs modulate defence pathways. We also discuss the impact of SA and JA signalling on the growth pathways mediated by auxin and CKs. Most of our descriptions and conclusions are pertinent to the model plant Arabidopsis. However, several results from other plant species such as tomato and tobacco are included.
Growth signalling maintained by auxin and CKs
Plant hormones act in concert and regulate many aspects of plant growth and development. Classic growth hormones such as auxin, CKs, GA, and BRs and the stress-specific hormones JA and SA have been thoroughly highlighted in the context of growth and defence. Here, we will provide an update on the perception and transduction of the signals of auxin and CK, and later explain their crosstalk with SA and JA pertinent to defence responses in plants.
Auxin signalling and responses
Auxin is a central regulator of plant growth and development and controls apical dominance, stem and petiole elongation, root gravitropism and its architecture in response to light and temperature, plant vasculature, and flower formation, as well as root hair and lateral root formation (Santner and Estelle, 2009; Kieffer et al., 2010; Kazan, 2013; Grones and Friml, 2015; Schaller et al., 2015) . Tryptophan is the main precursor for the biosynthesis of indole-3-acetic acid (IAA), a naturally occurring plant auxin, which is converted to indole-3-pyruvic acid through the action of amino transferases (Zhao, 2010) . Indole-3-pyruvic acid is then converted to IAA through the YUCCA (YUC) family of flavin mono-oxygenases (Mashiguchi et al., 2011; Dai et al., 2013) . Indole-3-acetamide, tryptamine, and indole-3-acetonitrile are other branch-specific intermediates that also lead to auxin biosynthesis. Auxin regulates diverse plant developmental processes by maintaining specificity in controlling gene expression via a family of functionally distinct DNA-binding AUXIN RESPONSIVE FACTORS (ARFs). Recent reports suggest that ARF DNAbinding domains homodimerize and bind to complex sites such as molecular calipers with ARF-specific spacing preference, and thus mediate specificity in the auxin response (Boer et al., 2014) . The metabolism of the auxin precursor tryptophan also leads to the synthesis of two important plant antimicrobial compounds, camalexins and glucosinolates, which selectively inhibit the growth of necrotrophic and biotrophic pathogens, respectively (Robert-Seilaniantz et al., 2011; Stotz et al., 2011) . These chemical defence pathways are also under the control of ARF transcription factors (Fig. 1) .
At lower auxin concentrations (Fig. 1) , the ARF transcription factor responsive genes are kept repressed by the auxin (AUX)/IAA family of transcriptional repressor proteins (Liscum and Reed, 2002; Tiwari et al., 2004) . The F-box proteins TRANSPORT INHIBITOR RESISTANT 1 (TIR1) and AUXIN SIGNALLING F-BOX (AFB) are substraterecognition components of the E3 ubiquitin ligase SKPCullin-F-box (SCF) complex (Gray et al., 2001; Santner and Estelle, 2009; Schaller et al., 2015) . E3 ligase components direct AUX/IAA to the proteasome where resident proteases cause degradation of the auxin repressor (Fig. 1) .
When the auxin concentration reaches a threshold level in the cell, auxin directly facilitates SCFTIR1/AFB binding to AUX/IAA proteins, which culminates in the ubiquitination and degradation of AUX/IAA repressors via the 26S proteasome, thereby derepressing auxin-regulated genes ( Fig. 1 ) (Santner and Estelle, 2009; Grones and Friml, 2015) . Some of the auxin-regulated genes such as AUX/IAA and GH3 participate in an inhibitory feedback loop that maintains cellular auxin homeostasis. The patchy distribution of auxin in the plant body has important transcriptional and post-transcriptional implications (Grones and Friml, 2015) . Auxin transport through PIN FORMED (PIN) proteins plays an important role in plant organogenesis as well as pathogenesis (Kazan and Lyons, 2014; Grones and Friml, 2015) . It would be intriguing to correlate the impact of the patchy distribution of auxin on the defence of specific tissues with higher or lower auxin maxima and its cumulative effect on the plant response to pathogen infections. Model for auxin crosstalk in plant immune defence pathways. Many plant pathogens (exemplified here is Pseudomonas syringae pv. tomato (Pst) DC3000 shown as a red oval-shaped structure) increase auxin (blue circles) during their interaction with host plants. When the plant cell is not attacked by the pathogen (steady state or non-infection state), auxin is present in a low (required) concentration (left). Auxin (AUX)/IAA repressor protein (yellow box) binds to ARFs (green box) and represses the transcription of auxin-responsive genes (red cross on double helix structure). Pathogen infection (right) increases the plant auxin level (blue circles), which facilitates the binding of auxin to auxin-receptor SKP-Cullin-F-box (SCF) complex (blue box), which culminates in the removal and degradation (via the 26S proteasome and associated proteases) of repressor AUX/IAA. This allows ARFs to bind to the promoter of auxin-responsive genes. ARFs promote the accumulation of camalexins and lower the levels of glucosinolate. Pathogen infection also increases the levels of JA (yellow circle) and SA (violet circle). Auxin promotes (arrow) JA signalling and responses, while inhibiting (red line with blunt end) SA signalling during plant defence. Pathogen PAMP (flg22) induces the expression of microRNA (miR393), which inhibits auxin receptor genes and promotes plant immunity.
CK signalling and responses
CKs are a family of N 6 -substituted adenine derivatives as well as chemically unrelated phenylurea-type regulatory molecules. In Arabidopsis, CK perception and signalling are mediated by a two-component system involving a canonical phosphorelay cascade (Hwang et al., 2012; Schaller et al., 2014) . The binding of CKs to the central CHASE (CYCLASES/HISTIDINE KINASE ASSOCIATED SENSORY EXTRACELLULAR) domain of the HISTIDINE KINASE 2-4 ( Fig. 2 ; AHK2-4) receptors initiates a downstream phosphotransfer cascade (Hwang et al., 2012; Naseem et al., 2014; Schaller et al., 204) . This culminates in the phosphorylation of ARABIDOPSIS RESPONSE REGULATOR (ARR) proteins through ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER (AHP) protein (Fig. 2) . ARRs are of two main types: type B ARRs function as transcription factors and positively regulate CK signalling, whereas type A ARRs negatively regulate CK responses and are transcriptionally regulated by type B ARRs (Fig. 2) (Hwang et al., 2012) . The CK-mediated complex two-component system and phosphorelay networks also include a CK feedback inhibition (Hwang et al., 2012; Schaller et al., 2014) and play active and diverse roles in embryogenesis, the root apical meristem and shoot apical meristem, cell division, morphogenesis, and the formation of nodules (Hwang et al., 2012; Schaller et al., 2014; Schaller et al., 2015) . More recently, CKs have been shown to participate in biotic and abiotic stress responses in plants (Choi et al., 2010 (Choi et al., , 2011 Ha et al., 2012; Schäfer et al., 2015a) . We discuss below how CKs modulate plant defence pathways and their reciprocal action on CK-mediated growth responses.
Modulatory effects of auxin on plant defence signalling systems

Plant innate immunity is negatively influenced by auxin signalling
The multi-layer, robust plant immune system is initiated by membrane-associated pattern recognition receptors (PRRs) upon recognition of highly conserved pathogen-associated molecular patterns (PAMPs) leading to the activation of PAMP-triggered immunity (PTI) (Boller and Felix, 2009; Monaghan and Zipfel, 2012) . Well-characterized PRRs including FLAGELLIN SENSING 2 (FLS2) and ELONGATION FACTOR-TU RECEPTOR (EFR) contain leucine-rich-repeat receptor kinases in their ectodomain and are directly involved in PAMP perception (Zipfel et al., 2006; Sun et al., 2013) . Flg22, a 22 aa bacterial epitope in flagellin, activates the FLS2/BAK1 co-receptor complex and triggers a phosphorylation cascade that culminates in the phosphorylation and displacement of BOTRYTIS-INDUCED KINASE 1 (BIK1) from the FLS2 complex to promote downstream immune signalling (Lu et al., 2010; Lin et al., 2014) . Early responses by PTI such as reactive oxygen species production, membrane depolarization, calcium influx, activation of CALCIUM/CALMODULIN-DEPENDENT KINASES (CDPKs) and MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) signalling cascades and transcriptional reprogramming occur within minutes and last for hours (Boller and Felix, 2009; Dodds and Rathjen, 2010) . Delayed responses manifested by PTI include the deposition of callose at the site of infection, as well as the inhibition of seedling growth (Boller and Felix, 2009) . Thus, PTI is a broadly effective defence mechanism against many different types of pathogenic microbes with inherent growth inhibition penalties for plants.
Many plant pathogens can directly synthesize auxin or invoke plant auxin biosynthesis as well as modulating auxin signalling to render the host more susceptible to infection (Glickmann et al., 1998; Chen et al., 2007; Kidd et al., 2011) . Broadly speaking, plant-associated microbes synthesize IAA from its main precursor, tryptophan, or harbour the genes encoding all the enzymes required for this process (Yamada, 1993; Huot et al., 2014) . Likewise, pathogen infections have been shown to cause upregulation of the expression of genes encoding enzymes involved in auxin biosynthesis as well as of auxin signalling. This results in the disruption of AUX/ Fig. 2 . CK-mediated signalling and crosstalk with defence pathways. CK (green circle) binds to histidine kinase receptors AHK2-4 initiates a phosphotransfer cascade (black arrows) by phosphorylating AHP1-5 and ARRs. CK signalling is inhibited by type A ARRs (red line shows inhibition). CK perception activates ARR2 (a type B ARR), which interacts with TGA3 (a TGA transcription factor), and regulates the expression of defencerelated genes that promote immunity. Increased CK results in callose (blue box) deposition. CK represses the innate immunity receptor FLS2 (blue box). Moreover, the P. syringae effector HopQ1 increases CK signalling and promotes susceptibility by activating type A ARRs. Increased CK responses also promote plant defence against necrotrophic pathogens, thus indirectly activating JA (dotted line, indcating no direct proof) responses.
IAA repressor proteins and enhanced plant susceptibility by increased auxin responses ( Fig. 1) (O'Donnell et al., 2003; Dharmasiri et al., 2005; Thilmony et al., 2006; Kazan and Lyons, 2014) . Concerning PTI signalling and auxin, treatment of wild-type Arabidopsis plants with flg22 causes a reduction in both transcript and protein levels of the auxin receptors (AUXIN SIGNALLING F-BOX PROTEIN1). This stabilizes AUX/IAA proteins, which ultimately culminates in the repression of auxin-responsive genes with a concomitant increase in plant defence ( Fig. 1) (Navarro et al., 2006; Kazan and Lyons, 2014) . In essence, flg22 treatment induces a host microRNA (miR393) that targets the auxin receptor TIR1 and the related auxin receptors AFB2 and AFB3, leading to repressed auxin signalling (Jones-Rhoades and Bartel, 2004; Sunkar and Zhu, 2004; Navarro et al., 2006; Huot et al., 2014) . The overexpression of miR393 increases resistance to pathogens, and transgenic overexpression of its target, AFB1, enhances plant susceptibility to pathogen infection (Navarro et al., 2006) . Thus, auxin signalling has important implications for innate immunity, the activation of the auxin pathway mediates PAMP-triggered susceptibility, and auxin opposing regulation mediates PTI.
PTI can easily ward off non-host pathogens as well as nonpathogenic microbes. However, bona fide pathogens secrete virulence factors (effectors) into the plant to clamp down PTI (Boller and He, 2009; Xin and He, 2013) . Plants have evolved resistance (R) genes to recognize these effectors and mount a robust immune response, the effector-triggered immunity (ETI), which culminates in a hypersensitive response in the pathogen-inhabited plant tissue and invokes systemic acquired resistance (SAR) in distal tissues (Chisholm et al., 2006; Caplan et al., 2008; Fu et al., 2012; Kaltdorf and Naseem, 2013) . It is worth mentioning that there is a substantial overlap in the immune pathway framework mediated both by PTI and ETI; however, quantitative changes in the activation kinetics such as reactive oxygen species production, Ca 2+ spikes, and MAPK activation are higher in magnitude for ETI compared with PTI (Boller and He, 2009; Cui et al., 2015) . It is therefore inferred that the impact of a prolonged hypersensitive response leading to ETI will consume more resources and can pose higher growth cuts compared with the short-lived PTI. Below, we will highlight how auxin controls ETI in Arabidopsis.
There exists a negative correlation between the plant auxin pathway and ETI. For instance, Pseudomonas syringae effector Avr Rpt2 influences the auxin pathway in Arabidopsis, and Avr Rpt2-expressing transgenic plants showed increased sensitivity to auxin and enhanced susceptibility to pathogen infection (Chen et al., 2007) . In addition, Avr Rpt2 has been shown to cause the disruption of auxin repressors and thus enhances auxin signalling (Cui et al., 2013; Kazan and Lyons, 2014) . Similarly, another P. syringae effector, HopM1, perturbs auxin transport by promoting the degradation of HopM INTERACTOR 7 (MIN7), a regulator of host vesicle trafficking (Nomura et al., 2006) . MIN7 assists PIN1 to promote the efflux of auxin and possibly the disruption of MIN7 by HopM1, which modulates plant auxin and therefore mediates host susceptibility to this pathogen (Tanaka et al., 2009; Kazan and Lyons, 2014) . Besides effector-mediated manipulation of auxin biosynthesis, signalling, and transport, and the negative effect it has on plant immunity, auxin (IAA-Asp) has also been shown to directly regulate the level of bacterial virulence genes and hence modulate Arabidopsis susceptibility (González-Lamothe et al., 2012) . There are still many open questions concerning the mechanisms of auxin-mediated plant susceptibility; however, plant auxin has increasingly been associated with the attenuation of immune responses in plants.
Interplay between SA and auxin signalling SA is a phenolic hormone and affects plant defence against biotrophic and hemi-biotrophic pathogens and the establishment of SAR (Fu and Dong, 2013) , as well as controlling growth, development, senescence, and stress responses in plants (Vlot et al., 2009; Vicente and Plasencia, 2011) . SA perception by plants relies on NONEXPRESSOR OF PATHOGENESIS RELATED GENE 1 (NPR1) and its paralogues NPR3 and NPR4, and these proteins have been described as bona fide SA receptors (Attaran and He, 2012; Fu et al., 2012; Wu et al., 2012) . Both NPR3 and NPR4 have been shown to bind to SA with high affinity, whereas NPR1 has low affinity for SA (Attaran and He, 2012; Fu et al., 2012; Kaltdorf and Naseem, 2013) . In the absence of infection, a low basal SA concentration favours the interaction of NPR1 with ligand-free NPR4, but some NPR1 escapes degradation, allowing limited NPR1-dependent expression of defence genes to confer basal resistance. Upon pathogen infection, the concentration of SA increases at the site of infection, promoting interaction between NPR1 and SA-bound NPR3. NPR3 acts as an adaptor for the Cul3 E3 ubiquitin ligase, and proteasomal degradation of NPR1 promotes local cell death characteristic of ETI. However, at moderate concentrations of SA distal to the site of infection, the NPR1-NPR3 interaction is reduced, allowing some NPR1 to enter the nucleus and interact with TGA proteins to promote transcription of the SA defence marker gene PR-1 and SAR (Fu et al., 2012) . There are also SA-dependent and NPR1-independent defence responses in plants, suggesting the existence of additional SA receptors besides NPR1, NPR3, and NPR4 (Kaltdorf and Naseem, 2013) . The detailed characterization of the recently discovered SA-binding proteins (Manohar et al., 2015) will further enhance our understanding pertinent to the perception and signalling of SA mechanisms plants. Plants with constitutively active SA defences are highly compromised in growth (Zhang et al., 2003; Huot et al., 2014) . Below we discuss how mutual interactions between auxin and SA affect both growth and defence in plants.
Treatment of Arabidopsis seedlings with the SA analogue benzothiadiazole resulted in the repression of genes involved in auxin signalling and biosynthesis, whereas genes for enzymes involved in the conjugation of IAA with different amino acids such as GH3 were upregulated (Wang et al., 2006 . Likewise, the inhibitory effect of SA on auxin levels, uptake, sensitivity, and signalling has also been investigated in detail . Together, these findings lead to a model of the effect of SA on auxin responses such that SA represses the expression of the TIR1/ABF F-box receptor complex (Fig. 1) , which culminates in the stabilization of auxin repressor protein AUX/IAA and repressed auxin signalling and responses . As discussed above, auxin is one among the core signals for plant cellular developmental programmes, and disruption of auxin signalling has negative implications for normal plant development (Santner and Estelle, 2009; Grones and Friml, 2015; Schaller et al., 2015) . The retarded plant growth phenotypes due to constitutively active SA defences (Clarke et al., 2000; Zhang et al., 2003; Huot et al., 2014) may partly be attributed to the SA-mediated repression of auxin signalling (Fig. 3) .
The SA regulated auxin homeostasis has interesting implications for the trade-off between growth and defence (Attaran et al., 2014; Huot et al., 2014) . For instance, the IAA-conjugating enzyme GH3.5 converts free IAA into IAAAsp (inactive auxin) and is transcriptionally induced by SA (Staswick et al., 2005; Wang et al., 2006 Wang et al., , 2007 . Transgenic overexpression of the GH3.5 gene in Arabidopsis showed increased resistance to infection with P. syringae pv. tomato (Pst) DC3000 as well as manifesting a dwarf phenotype with increased PR1 gene expression (Park et al., 2007; Zhang et al., 2008) . Furthermore, gh3.5 knockout mutants are compromised in SAR induction and are reminiscent of SA-deficient mutants (Zhang et al., 2007 (Zhang et al., , 2008 Huot et al., 2014) . Reciprocally, SA-mediated defences are attenuated by auxin. The increased auxin signalling by the overexpression of the auxin -eceptor gene AFB1 leads to significant reduction in SA accumulation in Arabidopsis after pathogen infection (Robert-Seilaniantz et al., 2011) . However, transgenic overexpression of the YUCCA 1 gene (a key auxin biosynthesis enzyme) resulted in higher auxin levels and concomitantly increased susceptibility without affecting the SA response (Mutka et al., 2013) . These results point to the existence of SA-independent auxin-mediated suppression of immune responses in plants. Taken together, these results signify the importance of GH3.5 enzyme in the SA-and auxin-mediated growth-defence trade-off, such that higher SA levels reduce the pool of active IAA and thus defence is prioritized over growth. However, in the absence of pathogens, auxin-mediated suppression of SA responses (Fig. 3) can be diverted to growth investment programmes for better yield. The crosstalk between auxin and SA thus has interesting biotechnological implications for higher yield and better protection from pests.
Interplay between JA and auxin signalling
JAs are a class of lipid-derived defence signalling hormones that regulate plant immune responses against necrotrophic pathogens and insect herbivores . In plants, the signal from JA is perceived in the form of jasmonoyl isoleucine (JA-Ile) by a co-receptor complex formed with the F-box protein CORONATINE INESENSTIVE 1 (COI1) and the JASMONATE ZIM-DOMAIN (JAZ) family of transcription repressors (Sheard et al., 2010) . It is noteworthy that there also exists a JA-Ile-independent but JA-and COI1-dependent defence responses in various plants (Stotz et al., 2013) . At lower JA concentrations (no pathogen infection), JAZ proteins recruit co-repressor TOPLESS (TPL) proteins directly through their ETHYLENE RESPONSE FACTOR-ASSOCIATED AMPHIPHILIC REPRESSION (EAR) motifs or indirectly through NOVEL INTERACTOR of JAZ (NINJA) protein to MYC2 (Pauwels et al., 2010; Shyu et al., 2012) . The binding of JAZ repressor protein to MYC2 cumulates in the repression of JA-response genes. Upon pathogen infection, JA-Ile is synthesized rapidly in both local and distal tissues (Staswick and Tiryaki, 2004; Fonseca et al., 2009 ). An increasing concentration of JA-Ile promotes the physical interaction between COI1 and JAZ proteins, which leads to ubiquitination and subsequent degradation of JAZs through the 26S proteasome. This releases MYC transcription factors from JAZ repressor and hence derepression of JA-responsive genes occur (Chini et al., 2007; Thines et al., 2007; Katsir et al., 2008) . Besides immune regulatory functions, JAs also affect diverse physiological processes including abiotic stress responses, reproductive development, and primary and secondary metabolism (Wasternack, 2007; Browse, 2009) . Although JA has important defence implications, it also poses growth cuts owing to its negative effect on both Established signalling pathways connected with growth-defence trade-offs mediated by the plant hormones auxin, JA, SA, and CK. Growth hormones such as auxin and CK are indispensable for growth but also affect defence. Reciprocally, stress-specific hormones are essential for defence signalling but also modulate growth responses. Black arrows represent positive regulation, while red blunted lines indicate negative regulation by pathogen infection (Pst DC3000: red ellipse on the top). All proteins are represented as filled rectangles. This model illustrates the connection between well-known plant hormones and their influence on the regulation of growth and defence in during pathogenic infection. Due to crosstalk between the plant hormones auxin JA, SA, and CK and their respective proteins, a complex fine-tuning for growth-defence trade-off takes place. The auxin-signalling pathway (blue) has several positive connections to the JA pathway (yellow) and increases growth in the model organism. On the other hand, there exists a positive feedback loop from JA to auxin resulting in an overall inhibition of growth and an enhancement of defence mechanisms by JA. Furthermore, SA (violet), the major regulator of defence mechanisms in response to pathogens in plant cells, is inhibited by JA and auxin but promoted by CK. the auxin and CK pathways (Wasternack and Hause, 2013; Schäfer et al., 2015a, b) .
Unlike the negative effect of auxin in attenuating SA-mediated defences, the interaction between auxin and JA results in better protection against plant infection with necrotrophic pathogens. Application of methyl-JA and IAA together synergistically increases the expression of the JA defence marker gene PDF1.2 (Qi et al., 2012) . Interestingly, the asa1-1 (Sun et al., 2009 ) and cyp79b2 cyp79b3 (Zhao et al., 2002) auxin biosynthesis mutants are more susceptible to Alternaria brassicicola infection compared with wild-type Arabidopsis plants (Qi et al., 2012) . The doc1-1 mutant, which is defective in polar auxin transport (Gil et al., 2001) , is also more susceptible to A. brassicicola than their wild-type counterparts. Likewise, the auxin biosynthesis-and transportrelated mutant, axr2-1, which stabilizes the auxin signalling repressor AXR2⁄ IAA7 (Nagpal et al., 2000) , is also susceptible to A. brassicicola infection. These results indicate that the auxin pathway plays a positive role in regulating plant resistance to A. brassicicola, and that JA and auxin interact synergistically in regulating plant defence responses to necrotrophic pathogens (Figs 2 and Fig. 3 ) (Qi et al., 2012; Kazan and Lyons, 2014) . Auxin has also been shown to induce the expression of JAZ1 repressor, suggesting that auxin may suppress JA signalling through JAZ1 (Grunewald et al., 2009 ). Moreover, JA was shown to increase auxin biosynthesis by inducing ANTHRANILATE SYNTHASE (ASA1 and ASB1) and YUCCA (YUC8 and YUC9) genes in plants (Sun et al., 2009; Hentrich et al., 2013) .
In contrast, JA is known to induce growth inhibition in Arabidopsis (Wasternack and Hause, 2013) . Treatment of JA causes disruption of the auxin distribution in the root due to the repression of PIN2 gene expression, as well as inhibition of membrane PIN2 protein (Sun et al., 2011) . The JA-mediated repression of PIN2 affects gravity-induced auxin redistribution in root tips and therefore negatively influences root gravitropic responses, which will affect overall plant fitness due to aberrant uptake of nutrients from the soil and defective plant anchoring (Sun et al., 2011; Luschnig and Vert, 2014) . In addition, the AP2-domain transcription factors PLETHORA1 (PLT1) and PLT2 mediate auxin-induced regulation of stem-cell niche maintenance. The repression of PLT genes by MYC2 integrates JA action in root growth inhibition through the auxin pathway (Chen et al., 2011) . We therefore argue that both PIN-and PLT-mediated auxin-regulated root growth are under the inhibitory control of JAs (Fig. 3) . These multiple interactions between auxin and JA signalling reflect the level of complexity in crosstalk between these two growth and stress hormones and merit further investigation for growth defence fine-tuning in plants.
CK-modulated plant defences
CK crosstalk to PTI and ETI
CK signalling has recently been shown to influence the components of innate immunity in Arabidopsis (Choi et al., 2011; Naseem et al., 2014) . Exogenous application of t-zeatin to Arabidopsis leaves treated with flg22 increased the expression of SA marker gene PR1 compared with no prior CK treatment (Choi et al., 2011) . These findings point to the SA-mediated effect of CK on PTI. In contrast, Hann et al. (2014) demonstrated that application of CK attenuates innate immunity in Arabidopsis by repressing the pathogen recognition receptor FLS2 both at transcriptional and post-transcriptional levels. The dichotomy regarding the dual impact of CK on PTI could be attributed to late and early responses, where the action of B-type ARRs (ARR2) might enhance immunity by promoting SA responses and A-type ARRs attenuate immune responses due to their inhibitory (Choi et al., 2011; Argueso et al., 2012 Naseem et al., 2014 action on the SA pathway of resistance (Fig. 2) . Whether or not interplay between CK and PTI has an impact on plant growth is still not well investigated; however, the FLS-mediated stem-cell signalling by a CK-regulated CLAVATA3 peptide results in no growth inhibition (Lee et al., 2012; Naseem et al., 2014) .
Furthermore, the levels and signalling of CK have also been shown to influence ETI. For instance, in Arabidopsis the gain-of-function mutant of the nucleotide-binding siteleucine-rich repeat defence protein UNI (uni-1D) showed higher CK levels with increased expression of the SA marker gene PR1 (Igari et al., 2008; Hwang et al., 2012) . However, transgenic overexpression of the CKX1 gene in a uni-1D background reduced CK accumulation as well as showing a marked decrease in the expression of PR1. Moreover, the introduction of NahG (an SA-degrading enzyme) background into uni-1D mutants caused a decrease in the expression of PR1. These results show the involvement of CK pathway in SA-dependent R-gene triggered immunity in Arabidopsis. In addition, the P. syringae effector HopQ1 has been shown to activate the CK pathway to suppress FLS2-mediated defence signalling in Arabidopsis (Fig. 2) (Hann et al., 2014; Kazan and Lyons, 2014) . These findings provide insights into a different mechanism where, instead of resistance, CK signalling invokes effector-triggered susceptibility (Jones and Dangl, 2006) by attenuating PTI (Hann et al., 2014; Naseem et al., 2014) . Hence, CK signalling can potentially modulate innate immunity on multiple fronts and merits detailed investigation to describe further regulatory proteins involved in this growth-defence signalling crosstalk.
Impact of CK on SA-mediated defence responses
Exogenous application of CK or transgenic overexpression of CK biosynthetic enzyme ISOPENTENYLTRANSFERASE genes (IPT1, -3, -5, and -7) increased Arabidopsis resistance to infection with Pst DC3000 (Choi et al., 2010; . In contrast, overexpression of CK-degrading enzyme (CYTOKININ OXIDASE) genes such as CKX2 and CKX4 enhanced susceptibility. The Arabidopsis CK-receptor double-mutant ahk2 ahk3 is more susceptible to infection by Pst DC3000 than wild-type Col-0 plants (Choi et al., 2010) . Also, overexpression of the type B response regulator ARR2 significantly increased resistance, while ARR2 mutant plants had increased susceptibility to infection by Pst DC3000. Either exogenous CK application or overexpression of IPT genes also induces the expression of PR1 in Arabidopsis (Choi et al., 2010; , suggesting crosstalk between CK and SA defence signalling. Likewise, the synergistic interaction between SA and CK has been shown to increase rice resistance to infection of the blast fungus Magnaporthe oryzae (Jiang et al., 2013) . In addition, stabilization of CK levels enhances Arabidopsis resistance against infection with the hemi-biotrophic pathogen Verticillium longisporum (Reusche et al., 2013) . Together, these reports show that increased CK levels and signalling enhance immunity by expediting the SA pathway of resistance in plants (Figs 2 and 3) .
Mechanistically, the type B CK response regulator ARR2 interacts with SA signalling pathway protein TGA3 (a bZIP transcription factor) and induces the expression of defencerelated genes by binding to their promoters (Choi et al., 2010 (Choi et al., , 2011 Naseem et al., 2014) . It is worth noting that CK-and SA-mediated defence crosstalk requires the presence of NPR1, as npr1 mutants did not show increased CK resistance upon exogenous application of t-zeatin (Choi et al., 2011) . Moreover, negative regulators of CK signalling type A ARRs negatively impact plant immunity. The type A ARR sextuplet mutant arr3, 4, 5, 6, 8, 9 showed higher resistance to infection with biotrophic pathogen Hyaloperonospora arabidopsidis Noco2 compared with wild-type plants, whereas transgenic plants overexpressing various type A ARRs manifested significantly higher H. arabidopsidis growth compared with wild-type plants (Argueso et al., 2012) . It is therefore argued that, unlike ARR2, which is a member of the type B ARRs and promotes plant resistance (Choi et al., 2010; Naseem et al., 2014) , type A ARRs keep CK-mediated SA-dependent immune responses under their inhibitory control, and that deletion of these ARRs depresses immune gene expression in Arabidopsis (Fig. 2) (Naseem et al., 2014) . Interestingly, analogous to type A arr mutants, SA biosynthesis eds16 mutant plants are hypersensitive to very low concentrations of CK (Argueso et al., 2012) , thus indicating that CK responses are under the inhibition of SA signalling. These results show the existence of a negative-feedback loop extending from SA to CK and thus point to an interesting juncture for growth-defence trade-offs in plants. Interestingly, plants with higher SA content (Silverman et al., 1995) can potentially be unlocked to fully execute their growth potential mediated by CK. For instance, a modest repression in SA signalling will not only reduce defence costs but also derepresses CK responses, which will increase plant metabolic capacity (Robischon, 2015) , as well as nutrient remobilization and better plant growth.
CK signalling and the JA pathway of resistance
Plants mount JA/ethylene-mediated immune defence to deter attacks by viruses and herbivores as well as necrotrophic pathogens (Pieterse et al., 2009; Erb et al., 2012; Pieterse et al., 2012) . Unlike CK signalling crosstalk to SA (Choi et al., 2011; , the interaction between CK and the JA immune pathway has not been analysed congruently. Transgenically enhanced CK levels together with wounding increased the endogenous level of JA in tobacco plants (Dervinis et al., 2010; Erb et al., 2012; Schäfer et al., 2015a, b) . Furthermore, 35S:IPT3 Arabidopsis transgenic plants showed enhanced resistance against infection with the necrotrophic pathogen A. brassicicola (Choi et al., 2010) . Moreover, transgenic overexpression of the CK response regulator ARR2 gene showed increased resistance by decreasing the sporulation of A. brassicicola. In contrast, overexpression of a CK oxidase gene in 35S:CKX4 plants manifested increased susceptibility to infection with A. brassicicola (Choi et al., 2010) . Likewise, a study on the autoregulation of CK levels in transgenic IPT gene tomato plants under the control of a senescence inducible promoter (SAG12) showed increased protection against infection by another necrotrophic fungal pathogen, Botrytis cinerea (Swartzberg et al., 2008) . These results show that increased CK levels as well as increased CK responses promote plant resistance against infection with necrotrophic pathogens.
Plants with higher CK levels also showed resistance to many viral pathogens such as tobacco mosaic virus, tumor necrosis virus, and potato viruses X and Y (Sano et al., 1994; Masuta et al., 1995; Schnablová et al., 2006; Choi et al., 2011) . Furthermore, IPT gene-overexpressing transgenic plants manifested better protection against attack from insect herbivores (Smigocki et al., 1993; Dervinis et al., 2010; Erb et al., 2012) . In addition, CK concentrations in leaves and its perception through CHASE-DOMAIN CONTAINING HIS KINASE 2 (NaCHK2) and NaCHK3 have been shown recently to cause the accumulation of JA and phenolamides and to increase proteinase inhibitor activity against herbivore activities in tobacco (Schäfer et al., 2015a) . As a feedback loop, JA also has repressing effects on CK responses (Schäfer et al., 2015b) . In all these observations, enhanced CK levels not only promoted resistance against viral pathogens, they were equally effective against the activities of herbivores, suggesting that at a certain point CK may interact with the JA pathway of resistance. In a different context, AHP5 has been shown to phosphorylate (in vitro) the key JA response pathway transcription factor MYC2 (JIN1) (Yamashino et al., 2003) . Moreover, the protein-protein interactions database by Arabidopsis Interactome Mapping Consortium (Mukhtar et al., 2011) shows a direct interaction between AHP5 and MYC2. The functional implications of this interaction in plant immunity remain to be established. The exact mechanism of how CK signalling modulates defence responses by JA to mediate protection against various pests and pathogens has yet to be tested. Unlike the interaction between JA and auxin or SA and CK, the impact of JA-CK crosstalk for growth is largely unknown (Fig. 2) and merits further investigation.
Interplay between auxin and CKs and the effect on plant growth and immunity
Besides the respective functions of auxin and CKs, recent advances have also revealed that antagonism and synergism between these two important growth-regulating hormones also occur (Hwang et al., 2012; Schaller et al., 2015) . There is antagonism between auxin and CK regarding vascular morphogenesis in Arabidopsis. The long-distance basipetal transport of CKs through the phloem and the regulation of polar auxin transport govern the vascular pattern formation in the root (Bishopp et al., 2011a, b) . Higher auxin signalling represses CK signalling through the activation of AHP6 phosphotransfer protein (Hwang et al., 2012) , and the attenuated CK signalling output has an impact on the identity of the protoxylem. However, synergism also exists between CK and auxin, in nodule proliferation. The MtCRE1 His kinase regulates the expression of a subset of MtPINs encoding auxin efflux carriers, resulting in CK-dependent auxin accumulation in the developing nodule primordium in Medicago truncatula (Wasson et al., 2006; Plet et al., 2011; Hwang et al., 2012) .
Regarding plant immunity, auxin responses have been shown to enhance susceptibility, and CKs to promote immunity in an SA-dependent manner. Recent studies demonstrated that, during the course of infection, Pst Dc3000 enhances de novo auxin accumulation, whereas the level of CK decreases compared with the basal levels Robert-Seilaniantz et al., 2011) . Application of IAA and kinetin to Arabidopsis leaves impacted the spread of Pst DC3000 growth, such that higher bacterial multiplication attained with auxin application was reduced when auxin were applied together with CK . These preliminary findings point to mutually antagonistic effects of auxin and CK in modulating defence responses in Arabidopsis and merit further research. Furthermore, mutually inhibitory interactions between auxin and SA and the promoting effects of CK on SA-mediated defences (Choi et al., 2011; Naseem et al., 2013) , as well as inhibitory actions of SA on CK (Argueso et al., 2012; Naseem et al., 2014) open up further avenues for investigations. Mutual antagonism between auxin and CKs regulates the dynamics of Pst DC3000 and Arabidopsis interactions. However, there is synergism between these two growth regulators regarding the interactions between Plasmodiophora brassicae and Arabidopsis (Siemens et al., 2006) . We therefore argue that the interaction between auxin and CK has agent specificity for a given plant-pathogen system and that too much generalization will neglect the involved complexity in a particular plant-pathogen interaction model.
Conclusion and future perspectives
Pathogen detection and subsequent execution of immune responses require a higher degree of signalling plasticity and control (Bernoux et al., 2011) . In plants, constitutive and systemic defences mount resistance to a broad range of pathogens but also pose growth cuts that culminate in stunted growth and a reduced number of seeds (Bowling et al., 1997; Clarke et al., 1998; Zhang et al., 2003) . Therefore, defence is a costly response, diverting cellular resources from growth-related processes to the synthesis of committed defence-related secondary metabolites and the production of antimicrobial proteins implicated in plant immunity (Denancé et al., 2013; Rojas et al., 2014) . Mechanisms governing growth-defence trade-offs are largely not well understood, but plant hormones have emerged as essential integrators of growth-defence cues. Owing to their recently discovered crosstalk with defence pathways, BR, auxin, and now CK are interesting modulators in the regulation of developmental responses that can also influence the fate of plant-pathogen interactions.
It is noteworthy that CK-mediated defence responses are broadly effective against pathogens of various trophic natures, whereas increased auxin responses protect plants better against necrotrophic pathogens. Hence, manipulation through the CK pathway for applied plant protection strategies would be more beneficial (Fig. 3) . Therefore, detailed characterization of various types of CK (natural, synthetic, and adenine and non-adenine types) and their interactions with receptor AHKs, phosphorylation/inhibition studies concerning AHPs, and the generation and testing of higherorder mutants of ARRs for defence responses will further increase our understanding regarding the implications of CKs in plant immunity. Most auxin-related studies have been conducted on below-ground plant parts (e.g. roots), and therefore it is important to investigate auxin signalling, distribution, and dynamics in above-ground parts, particularly leaf tissues. Deployment of context-dependent transgenic approaches such as pathogen-inducible promoters (Grosskinsky et al., 2011) or real-time genetic manipulation (Schäfer et al., 2015a, b) of both auxin and CK pathways will be very helpful in dissecting the role of these hormones in plant immunity. Notwithstanding this, plant hormones act in concert and may have both positive and negative effects on yield. However, detailed exploration and efficient exploitation of the trade-off between growth and defence would be an economical strategy for engineering plants with better protection and higher growth potential. A quest for the identification and characterization of critical junctures of crosstalk between growth-regulating hormones and defence signalling pathways will further decipher the mechanism of growthdefence balance in plants.
